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Abstract 
Previous work has demonstrated a direct relationship between aerobic fitness and 
indices of vasodilatory function (i.e., Flow-mediated Dilation; FMD). Importantly, recent 
evidence suggests that vasoconstrictor function to reductions in blood flow (i.e., Low-
Flow Mediated Constriction; L-FMC), as well as during sympatho-excitation (i.e., Cold 
Pressor Test), may compliment the FMD measure, thus, providing an overall range of 
vascular responsiveness. The purpose of this thesis project was to test the hypothesis that 
vasoactive range indices (peak vasodilation + nadir vasoconstriction) are sensitive to 
aerobic fitness levels in healthy young men. Fourteen males (age: 22±4 yrs) were 
recruited, and divided evenly into a high (HF) vs. low (LF) aerobic fitness group, 
quantified via YMCA cycle ergometry (VO2 peak extrapolation), and a 3-min step test 
(1-min HR recovery). Duplex Doppler-ultrasound was used to assess brachial artery 
responses to the following physiological stimuli: FMD, L-FMC, CPT, and local heating. 
Vasodilatory responses were calculated from the peak change in artery diameter, and 
vasoconstrictor responses were determined from the nadir values in response to stimuli, 
respectively. VO2 peak (HF=55±10 vs. LF=38±6) and HR recovery (HF=38±12 vs. 
LF=24±9 beats) were greater in the HF group (P<0.05). All vasoactive range indices 
were similar between groups; however, L-FMC change tended to be greater in HF 
(HF=0.1±0.06 vs. LF=0.02±0.07mm, P=0.057). A correlational analysis revealed an 
inverse relationship between L-FMC and HR recovery (r=-0.653, P=0.02). Collectively, 
these findings suggests that vasoactive range indices are not sensitive to aerobic fitness in 
healthy young men; however, high fit individuals may exhibit greater vasoconstrictor 
function to reductions in blood flow. 
Key Terms: Aerobic, Vasoactive, Cardiorespiratory, and Vascular 
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Chapter 1: Introduction 
Cardiovascular disease (CVD) is considered the number one cause of morbidity 
and mortality in the United States (Prevention 2014). Disruption within the vascular 
endothelium is believed to be an early initiating event in CVD development, including 
atherosclerosis [1-3]. The technique known as flow-mediated dilation (FMD) is 
considered the non-invasive ‘gold standard’ for assessing vascular endothelial function in 
humans [3, 4]. This technique examines an artery’s vasodilatory responsiveness to an 
increase in blood flow-induced shear stress [4, 5], which is mediated through temporary 
circulatory arrest (5 mins) of a limb using a pneumatic cuff inflated to a supra-systolic 
pressure (e.g., 220 mmHg). Following cuff release, artery diameter and blood velocity 
changes are examined via Doppler-ultrasonography [4]. 
The concept of FMD implies that increases in arterial shear stress induce 
endothelial cells to produce and release vasodilatory compounds, most notably nitric 
oxide, which result in smooth muscle relaxation with subsequent vasodilation (i.e., 
increased vessel diameter) of an artery [6]. The response is typically presented as a 
maximal percentage increase [7] from resting diameter measurements, along with shear-
rate, which is calculated using the blood velocity data [4]. Importantly, FMD has high 
prognostic value such that for every 1% change in the measurement translates to an 
approximate 13% change in CVD related events, such as myocardial ischemia and stroke 
[6]. However, novel assessment strategies beyond this traditional FMD approach have the 
potential to provide further mechanistic insight into CVD risk, as well as overall 
cardiovascular health and fitness. 
Recent evidence suggests that assessing an artery’s vasoconstrictor 
responsiveness to various physiological stimuli may also be clinically relevant [5, 8-11]. 
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Importantly, a diminished vasoconstrictor response of an artery may lead to alterations in 
blood flow distribution, as occurs during physical stress (e.g., exercise) [9]. For example, 
during strenuous exercise blood flow is redistributed to metabolically active skeletal 
muscle through dilation of these vascular beds, and constriction in non-contracting tissue 
(e.g., visceral organs, and non-active skeletal muscle). A phenomenon known as low-
flow mediated constriction (L-FMC), has recently emerged as a measure of artery 
vasoconstrictor responsiveness during pneumatic cuff occlusion, as would be carried out 
during an FMD test [7]. The nadir diameter induced by the low-flow and shear is 
expressed as a percentage decrease in artery diameter from baseline to pre cuff-inflation 
[7], and is thought to represent an index of resting vascular tone [8]. While FMD 
provides information pertaining to shear stress-induced vasodilation, the L-FMC response 
provides supplementary information regarding the roles that shear stress and arterial tone 
have on resting artery diameter [7]. 
Pairing FMD with L-FMC yields a vasoactive range [8]. This concept was 
originally reported by Black et al., who determined maximal artery vasodilation 
following FMD and localized heating of the hand, and nadir artery diameters were 
obtained via L-FMC [8]. The authors suggested that use of a vasoactive response range 
allows for standardization of resting diameter by calculating arterial tone from the 
minimum and maximum diameter values obtained [8]. Arterial tone is thought to reflect 
the influence of sympathetic nerve activity [8, 10]. Artery vasoconstrictor responses can 
also be assessed non-invasively using sympatho-excitatory procedures. Tests which 
activate the sympathetic nervous system to induce a vasoconstrictor responses in an 
artery (e.g., cold pressor test; CPT), result in alpha-adrenergic mediated vasoconstriction 
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(i.e., decrease in artery diameter) [10, 12]. For example, the CPT consists of submersion 
of a subject’s limb (e.g., hand or foot) in a cold water for 1-2 minutes while measuring 
diameter in the opposite limb using Doppler-ultrasound before, during and after limb 
submersion [12].  
While the vasoconstrictor and vasodilator responses measured independently of 
each other can provide valuable information, the combination of the two responses may 
provide a more expansive ‘barometer’ of vascular health. The “vasoactive range” 
proposed by Black et al. [8] accomplishes this to a degree, whereas, other studies have 
assessed vasoactive responses using FMD and a sympatho-excitatory maneuver, such as 
the CPT. This latter model, termed, “vascular operating range”, represents an overall 
range by which a conduit artery operates in response to increased shear and sympathetic 
activation  [9, 12]. Welsch et al. [12] indicate that the vascular operating range may lead 
to the development of a more representative depiction of vascular health and fitness. 
Nonetheless, the relationship between any proposed vasoactive range index (i.e., 
vasodilation + vasoconstriction) and cardiovascular health and fitness is currently 
unknown. 
Therefore, the purpose of the present study is to determine the sensitivity of the 
vasoactive range in determining cardiovascular fitness and health. It is hypothesized there 
will be a direct relationship between the vasoactive range and aerobic fitness levels in 
healthy young individuals. 
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Chapter 2: Literature Review 
A. Background 
 Cardiovascular disease (CVD) is a considerable threat to public health in the 
United States, given this disease takes the largest toll on human death each year (CDC 
2014). Dysfunction within the vascular endothelium is considered a precursor to this 
threat, and can serve as an early indicator of CVD development, including atherosclerosis 
and coronary artery disease [1-3, 5]. Noninvasive assessments of vascular endothelial 
function can be of important clinical value, thus, research efforts have focused on 
developing noninvasive biomarkers of vascular health. The purpose of this literature 
review will be to focus a discussion on some current methodologies used to assess 
vascular endothelial function in humans. In this, the functional indices, 
validity/reliability, and limitations of each assessment strategy will be presented to 
delineate the most accurate and up-to-date practices for current researchers. Finally, the 
clinical utility of a vasoactive range will be questioned in the form of a proposal of study. 
 
B. Current Noninvasive Vascular Assessment Strategies 
 The following five assessment strategies will be discussed: 1) Flow Mediated 
Dilation, 2) Low-Flow Mediated Constriction (L-FMC), 3) the Cold Pressor Test (CPT), 
4) the “vasoactive range”, and 5) the “vascular operating range”.  
Flow Mediated Dilation 
Flow mediated dilation (FMD) is considered the non-invasive ‘gold standard’ for 
assessing vascular endothelial function in humans [3, 4]. This technique examines an 
artery’s vasodilatory responsiveness to an increase in blood flow-induced shear stress [4]. 
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In this technique, a pneumatic cuff (220 mmHg) is inflated to occlude an artery – the 
brachial artery in this study – for a duration of five minutes [4], while baseline (resting) 
diameter is measured for 1-2 minutes prior to occlusion cuff inflation [4]. While the 
artery is occluded, a high-resolution Doppler-ultrasound probe is positioned over the 
artery, proximal to the cuff. Following deflation of this cuff, a hyperemic response 
ensues, characterized by a large increase in blood velocity and shear stress on the artery 
wall. 
Shear stress is the tangential force of blood flowing across the artery lumen, and 
is a potent stimulant for vasodilation [4]. This shear stress induces the endothelial cells to 
produce chemicals via signal transduction. These chemicals, including nitric oxide, result 
in the relaxation of the smooth muscle cells within the artery [10]. This process is 
monitored by the Doppler-ultrasound machine to obtain vessel diameters and blood 
velocity signals. These data are typically analyzed using specialized edge-detection 
software [4]. The FMD response is presented as a maximal percentage increase in 
diameter [7], along with shear stress, which is calculated using velocity and diameter data 
[4]. Shear stress is derived using the following formula: (4ηVm) • D-1, where η is blood 
viscosity, Vm is the average blood velocity, and D is the average artery diameter [13].  In 
humans, shear stress is estimated using the shear rate calculation: 2(2 + n)Vm • D-1, 
where n represents the shape of a parabolic velocity profile (n=2), a normal assumption 
when determining shear rate [14].  
Previous work has shown that normalizing FMD to shear rate area-under-the-
curve (AUC) may help to account for inter-subject variability [13]; however, the most 
accurate method of FMD normalization is still under investigation [4].  Importantly, the 
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FMD technique has high prognostic value, such that for every 1% increase in FMD 
translates to an approximate 13% decrease in CVD related events, such as myocardial 
ischemia and stroke [6].  
Current research shows that the FMD technique is a valid and reliable index of 
vascular endothelial function in humans. For example, previous work has demonstrated 
that FMD in the brachial artery strongly correlates with endothelial function in coronary 
arteries [15, 16], as well as coronary artery stenosis [17]. The FMD technique has also 
been shown to be highly reliable when performed under controlled experimental 
conditions. For example, intra-class correlation coefficients of 0.92, 0.94, and 0.90 for 
days, testers, and readers, respectively, have been reported for brachial artery FMD [11]. 
Several studies have utilized the FMD technique [3, 8, 10, 12, 16, 18], and recently, an 
updated guidelines consisting of methodological considerations have been published for 
this technique [4, 19]. However, a primary limitation to the FMD technique is that it 
examines only one aspect of vascular function, vasodilator capacity. 
Low-Flow Mediated Constriction 
Low-flow mediated constriction (L-FMC) is unique way to examine 
vasoconstrictor responses of large conduit arteries. Similar to FMD, the L-FMC is 
assessed using Doppler-ultrasound; in fact, it can be performed during the FMD test [7]. 
In the final 30 seconds of cuff occlusion – when blood flow and shear stress are minimal 
– the artery diameter is measured to account for any change from baseline that may have 
occurred during cuff-occlusion [7]. The precise underlying mechanism of L-FMC is 
unclear; however, a low shear-mediated imbalance between vasodilatory (e.g., nitric 
oxide or prostaglandin formation) and vasoconstrictor (endothelin-1 and sympathetic 
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nervous activity) factors may be playing a role [7, 20]. This L-FMC is typically expressed 
as a percentage decrease in arterial diameter [7]. Thus, L-FMC provides supplementary 
information in regards to the role shear stress has on baseline artery diameter conditions, 
such as arterial tone [7].  
In terms of reliability, L-FMC is a highly reproducible measure. In fact, previous 
work demonstrates that the intra-class correlation and range of variation for this 
measurement are 0.8 and 1.1%, respectively [7]. While L-FMC can serve as an index of 
resting vascular tone, it does not take into account vasoconstrictor responses elicited 
directly from sympathetic nervous system activation, as would occur during physical 
stress. 
Cold Pressor Test 
An artery’s vasoconstrictive response may also be elicited from sympathetic 
nervous system activation. For example, the cold pressor test (CPT) is a non-invasive test 
that activates the sympathetic nervous system to induce vasoconstriction via stimulation 
of alpha-adrenoreceptors in an artery [10, 12, 21]. The CPT consists of submersion of a 
subject’s limb (e.g., hand or foot) in cold water for a period of time (1-2 minutes) and 
measuring the diameter of the opposite limb during and after submersion with Doppler-
ultrasound [12]. Previous research has shown that CPT induces a large increase in 
sympathetic nerve activity, even more so than other sympatho-excitatory maneuvers (e.g., 
mental stress tasks or lower-body negative pressure) [10]. Importantly, cardiovascular 
responses to the CPT, such as heart rate and blood pressure, are sensitive in detecting 
coronary artery disease risk [5].  
  8
Current literature indicates that the CPT test can be a valid and reliable maneuver 
to increase sympathetic nervous system activity. For example, Credeur (2012) performed 
a test-retest protocol for heart rate and artery diameter responses to the CPT and obtained 
an intra-class correlation coefficient of 0.90 [9]. Furthermore, the blood pressure reaction 
to the CPT was reported to be a reproducible quantification of cardiovascular responses 
to stress over a standardized time interval [22]. Other studies have demonstrated that the 
CPT test can maintain high long-term stability as a cardiovascular stressor [21, 23]. One 
limitation to the CPT is that the cold nature of the water may be uncomfortable for some 
subjects, but manageable for others. Nevertheless, Dyson (2006) found that the pain 
seemed to subside to numbness in subjects after two minutes of limb submersion [10]. 
Thus, 2-minutes of CPT is a sufficient duration to elicit reflex-sympathetic activation. 
Vasoactive Range 
The combined result of FMD plus L-FMC yields a vasoactive range, which was 
originally reported by Black et al. [8]. In this work, posterior-tibial artery dimensions 
were examined during cuff-occlusion, during reactive hyperemia, and also, following 
local heating of the leg (44°C water for 10 minutes). Local heating induces increases in 
skin blood flow, with subsequent vasodilation of larger upstream conduit arteries, in a 
biphasic manner; first, a rapid increase in vessel diameter within the first 3-4 minutes, 
followed by a further incremental increase up to a maximal response (≥10 minutes of 
local heating) [24]. Importantly, this maximal diameter response may reflect the 
physiological ceiling of the vasoactive range, similar to a diameter response achieved 
during pharmacologically-induced vasodilation (e.g., nitroglycerine) [8, 19]. Utilizing 
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this vasoactive range allows for standardization of resting diameter by calculating arterial 
tone from the minimum, baseline and maximum diameter values [8].  
Arterial tone is, in essence, a reflection of resting artery diameter position within 
its vasoactive range, which is mediated through a balance between vasodilatory (e.g., 
shear stress) and vasoconstrictor (e.g., sympathetic nervous activity) influences [8]. 
Importantly, from a clinical stand-point, the combined vasoactive response (FMD + L-
FMC) may be related to cardiovascular risk, such that individuals with multiple risk 
factors (e.g., hypertension and obesity), experience a smaller response range [25].  
While fewer studies have reported on the vasoactive range [8, 14, 26, 27], the 
combined FMD + L-FMC appears to be a valid index of cardiovascular health. For 
example, it has been demonstrated that overall vasoactive reactivity is more sensitive in 
detecting cardiovascular disease risk, as compared to FMD or L-FMC alone [25, 27]. The 
vasoactive range has also been shown to be sensitive to training status. For example, 
healthy young individuals demonstrated a greater L-FMC and vasoactive range, but not 
FMD, post interval training [28]. 
Vascular Operating Range 
Similar to the vasoactive range, the “vascular operating range” is a representation 
of overall artery function, but differs from the vasoactive range in that a sympatho-
excitatory maneuver, the CPT, is used for the vasoconstrictor response instead of L-FMC. 
The vascular operating range represents a physiological limit by which a single conduit 
artery responds to vasodilatory and vasoconstrictor stimuli [9, 12]. Interestingly, this 
measure appears to be sensitive to exercise training status. For example, Welsch et al. 
found that the vascular operating range was larger in power trained athletes than in age-
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matched controls [12]. The authors indicate that both vasodilator and vasoconstrictor 
responses are central to effective blood distribution during an exercise. Thus, vasoactive 
range indices may be sensitive discriminators of aerobic fitness. Importantly, the vascular 
operating range has been reported to be diminished in patients with cardiovascular 
disease, but localized exercise training can modulate this impairment [9]. 
 
D. Purpose and Hypothesis 
 While FMD has been reported to be a valid, reliable and sensitive marker of 
cardiovascular health, it is currently unknown whether examining an overall range of 
vascular responses (i.e., peak to nadir) to various physiological stimuli can provide a 
more comprehensive assessment of cardiovascular fitness and health. Thus, the purpose 
of the present study was to determine the sensitivity of vasoactive range indices in 
detecting aerobic fitness. It is hypothesized there will be a direct relationship between the 
vasoactive range and aerobic fitness levels in healthy young men. 
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Chapter 3: Methods 
A. Study Design and Subjects 
This study utilized a cross-sectional design. A total of 14 healthy male subjects 
between the ages of 18 and 35 years of age were recruited from the University of 
Southern Mississippi (USM), and the surrounding Hattiesburg, MS area. Participants 
were equally divided into a High Fit group (HF), and a Low Fit group (LF) based on 
aerobic exercise tests results performed during the pre-test screening.  
 
B. Experimental Protocol and Procedures 
All subjects signed an informed consent approved by the Institutional Review 
Board of the University of Southern Mississippi prior to completing any facet of the 
study. Participants also completed a medical history and physical activity level 
questionnaire. All screening and testing were carried out in the School of Kinesiology at 
USM. All testing was conducted in a dimly-lit, climate-controlled laboratory 
(temperature=21-23°C, humidity=50%). 
Pre-Test Screening 
Prior to experimental visits, a pre-test screening was performed to characterize 
fitness levels and to familiarize subjects with the laboratory and experimental procedures 
(Figure 1A). In addition, vascular scanning was performed with the ultrasound machine 
to ensure the attainment of quality images for ultrasound recordings. Height, weight, 
estimated percent body fat (determined by Bioelectrical Impedance- BIA), and resting 
blood pressure were obtained from all participants. Each participant underwent a series of 
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tests to determine physical fitness, including a handgrip strength test (dynamometry), a 3-
min step test (heart rate recovery), and a YMCA cycle test (extrapolated VO2 peak). 
 
 
 
 
Figure 1. Schematic showing timeline for screening and experimental protocols: (A) Following subject 
arrival the informed consent, followed by anthropometrics and resting vitals were administered, then finally 
fitness testing. (B) Following initial set-up, vascular testing was performed including the FMD, CPT and 
Warm Bath. BIA, Bioelectrical Impedance Analysis; MVC, Max Voluntary Contraction; FMD, Flow-
mediated Dilation; CPT, Cold Pressor Test. 
 
 
Handgrip strength was assessed using a hand dynamometer (Jamar, Patterson 
Medical). The subject was instructed to perform a max voluntary contraction (MVC), 
standing with the dynamometer at their side and squeezing as hard as they could for 
approximately 3 seconds. This procedure was repeated for 3-5 trials on the dominant 
hand only. The average of the highest 3 values obtained was considered maximum 
handgrip strength.  
Heart rate recovery from the YMCA 3-min step test (HR peak – 60 sec post-
stepping) was carried out as outlined in the ACSM’s Guidelines for Exercise Testing and 
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Prescription [12]. For this test, participants were instructed to step on and off of a 12-inch 
box, altering legs, at a pace of 96 beats per minute set using a metronome, which 
translates to ~24 steps per minute [29]. Heart rate was read within 5 seconds of 
completion of the test using a heart rate monitor (Polar FS1), as well 1-minute after 
completion of stepping [29].  
Following the step-test, a YMCA cycle test, which is a 12-min submaximal test, 
was performed using a leg ergometry unit (Monark, 828-E). In brief, the test consists of 
the participant pedaling an ergometer at a constant cadence (50 rpm’s), while exercise 
intensity is adjusted based heart rate responses for each 3 minute stage. VO2 peak is then 
extrapolated using heart rate measures obtained during the submaximal workloads, and 
the participant’s estimated heart rate max (e.g., 220-age), as previously described [30]. 
This test has been shown to provide a valid index of aerobic fitness [31-33].  
Experimental Study Visit 
The protocols for the experimental visit are summarized in a schematic in Figure 
1B. Prior to experimental study visits, all participants were fasted and refrained from 
caffeine intake for 12 hours, and heavy exercise and alcohol for 24 hours. The 
participants were studied in a semi-recumbent position on an examination table, and 
instrumented with surface electrocardiography (ECG; GE Logiq 7), a blood pressure cuff 
on the upper right arm, and Doppler ultrasound (GE Logiq 7). The ECG was used to 
monitor the participant’s heart rate throughout the experimental procedures. The blood 
pressure cuff was used to determine systolic, diastolic and mean arterial pressure. The 
Doppler ultrasound machine was used to acquire brachial artery diameter and blood 
velocity signals. All measurements involving the use of an ultrasound for imaging and 
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analyzing arteries were performed according to published guidelines [4]. Importantly, all 
ultrasound measures and analyses were performed by the same study personnel.   
Flow-mediated Dilation (FMD) 
After instrumentation, the subjects rested quietly for 30 minutes, after which a 2 
minute baseline ultrasound recording was performed on the brachial artery of the right 
arm. Next, a blood pressure cuff placed distal from the brachial artery on the forearm was 
inflated for 5 minutes to a supra-systolic pressure (220 mmHg). Ultrasound recordings 
commenced 30 seconds prior to, and until 3 minutes post-deflation of the occlusion cuff. 
The baseline diameter was defined as the average diameter of the two minutes measured 
following the resting period. The peak dilation was defined as the absolute change (mm) 
and percent change (%) between the largest diameter after cuff occlusion and baseline 
diameter [12].   
Low-Flow Mediated Constriction (L-FMC) 
The L-FMC diameter value was defined as the absolute (mm) and percent change 
(%) from the nadir diameter to baseline diameter in the last thirty seconds of the five-
minute cuff occlusion period of the FMD measure [7].   
Cold Pressor Test (CPT) 
Following an additional ten minutes of rest after the FMD test, an additional 1 
minute of baseline was recorded on the ultrasound machine prior to the subject’s opposite 
hand being placed in ice water for 2 minutes. Continuous diameter and blood velocity 
signals were obtained during the two minutes of CPT, and for 1 minute following 
removal of the hand from ice water. The nadir diameter obtained during the 2-minutes of 
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CPT was expressed as an absolute (mm) and percent change (%) from the pre-CPT 
baseline [12].  
Maximal Vasodilation 
Following the CPT test, an additional 10 minutes of rest was given to allow 
brachial artery diameter and blood flow to return to resting conditions, which was 
confirmed using the auto-calculation feature on the ultrasound machine. The subject’s 
hand (same limb as FMD) was then be placed into a warm bath (42-45 degrees Celsius), 
for 10 minutes. Ultrasound recordings were obtained for the last 2 minutes of this warm 
bath procedure, and averaged for the peak response to heating.   
Data Analysis 
All ultrasound data were acquired at 30-Hz using an analog video capture unit 
(Elgato software downloaded to Mac Book). These data were then analyzed off-line 
using an automated edge-detection software (QUIPU, Cardiovascular Suite) in 
accordance with guidelines [4]. Data were analyzed by playing the pre-recorded videos 
through the Cardiovascular Suite software. A region of interest (ROI) was selected on 
each video to ensure a clear portion for the edge-detection software to analyze brachial 
artery diameters. Blood velocity signals were also simultaneously analyzed using the 
software by obtaining the flow-envelope for both the antegrade (positive area) and 
retrograde velocity signals (negative area). Mean velocity was defined as the difference 
between antegrade and retrograde velocity signals. Shear rate (s-1) was calculated as 
8*mean velocity/dimeter. Shear rate area-under-the-curve (AUC) up until peak dimeter 
was calculated as the stimulus for FMD (FMD% / AUC), as previously described [4]. 
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The vasoactive range indices were determined by examining the peak and nadir 
diameter values obtained from the aforementioned physiological stimuli. Both the 
traditional “vasoactive range [8]”, the more recent “vascular operating range [9, 12]”, and 
finally, an overall range (absolute peak – absolute nadir) were calculated as follows:  
1. ‘Traditional’ Vasoactive Range: The peak value was defined as the highest 
diameter achieved during hyperemia of the FMD test, and nadir was defined 
as the minimum value obtained from L-FMC, both expressed as relative (%) 
and absolute changes (mm). Resting vascular Tone (%), which represents the 
baseline diameter expressed as a percentage on the vasoactive range was 
calculated as follows:  
Tone %= (Dpeak – Drest) / (Dpeak – Dnadir) * 100 
…where Dpeak represents the peak diameter achieved following cuff release; 
Drest is resting diameter, and Dnadir is the minimum diameter achieved during 
cuff occlusion. 
2. Vascular Operating Range: The peak value was defined as the highest 
diameter achieved during hyperemia of the FMD test, and nadir was defined 
as the minimum diameter response to CPT, both also expressed as relative (%) 
and absolute changes (mm). 
3. ‘Absolute’ Vasoactive Range: The peak value was defined as the largest 
response achieved through either FMD or the warm bath, and the nadir was 
defined as minimum diameter response to either L-FMC or CPT, all expressed 
as relative (%) and absolute changes (mm).  
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Statistical Analysis 
All statistical analyses were performed using S.P.S.S. software. To examine the 
sensitivity of the above described vasoactive range indices in detecting aerobic fitness, 
the following statistical tests were performed: independent samples T-tests were utilized 
to compare all vascular parameters between the high fit (HF) and low fit (LF) groups. 
Furthermore, correlational analyses were performed between L-FMC and aerobic fitness 
test results (i.e., HR recovery and VO2 peak). Additional independent samples T-tests 
were utilized to compare other demographic variables between the HF and LF groups. 
Statistical significance was set at p<0.05. 
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Chapter 4: Results 
Subjects 
Demographical and aerobic fitness test results are summarized in Table 1. 
Resting heart rate (HR), and diastolic blood pressure (DBP) were lower, while HR 
recovery, VO2 peak, and physical activity scores were greater in HF as compared to LF 
(P<0.05). 
 
Table 1. Participant Demographics 
 High Fit Low Fit P-value 
Age (years)   21±2   22±5 0.505 
BMI (kg/m2)   23±1   24±3 0.542 
HR rest (bpm)   47±5     59±9* 0.011 
SBP rest (mmHg) 111±5 117±8 0.134 
DBP rest (mmHg)   63±6     72±4* 0.004 
Lean Mass (pounds)   139±19   140±13 0.870 
Fat Mass (pounds)   16±7     25±13 0.121 
Bodyfat (%)   10±4   14±7 0.230 
MVC (kg)   50±8   52±5 0.572 
HR recovery (bpm)     38±12   24±9* 0.028 
VO2 peak (ml/kg/min)     55±10   38±6* 0.002 
Physical Activity Score (AU)     78±22     37±15* 0.002 
*Denotes significantly different from High Fit (P<0.05). BMI-body mass index, HR-heart rate, SBP-
Systolic Blood Pressure, DBP-Diastolic Blood Pressure, MVC-Maximal Voluntary Contraction 
 
 
Relationship between the Vasoactive Range and Aerobic Fitness 
A comparison of absolute vascular parameters (e.g., mm) between the two fitness 
groups are presented in Table 2. No significant differences were observed between the 
HF and LF group for any vasoactive range measure. However, the HF group tended to 
have a greater L-FMC (mm) response (P=0.057), whereas, resting vascular Tone % 
tended to be greater in the LF group (HF=72±17 vs. LF=96±25%, P=0.055) (Figure 2). 
A correlational analysis revealed an inverse relationship between L-FMC% and HR 
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recovery (r=-0.631, P=0.016), but not between L-FMC% and VO2 peak (r=-0.383, 
P=0.177) (Figure 3). 
 
 
Table 2. Vascular Parameters 
 High Fit Low Fit P-value 
Diameter Rest (mm)   3.91±0.44   3.76±0.45 0.534 
Diameter Peak; FMD (mm)   4.16±0.52   4.05±0.47 0.670 
Diameter Peak; Heating (mm)   4.11±0.46   4.01±0.50 0.710 
Diameter Nadir; L-FMC (mm)   3.82±0.46   3.75±0.50 0.769 
Diameter Nadir; CPT (mm)   3.83±0.44   3.79±0.58 0.888 
FMDΔ; Peak - Rest (mm)   0.25±0.11   0.28±0.05 0.442 
L-FMCΔ; Rest - Nadir (mm) 0.095±0.06   0.02±0.07 0.057 
HeatingΔ; Peak - Rest (mm)   0.19±0.14   0.25±0.13 0.466 
CPTΔ; Rest - Nadir (mm)  -0.09±0.08   0.03±0.18 0.148 
FMD + L-FMC (mm)   0.34±0.11   0.30±0.05 0.422 
FMD + CPT (mm)   0.34±0.14   0.26±0.15 0.34 
Maximum - Minimum (mm)   0.39±0.13   0.37±0.06 0.62 
Mean Shear Rate; Baseline (s-1)   176±129 230±95 0.395 
Shear Stimulus; FMD (AUC)   26325±11944 28784±6013 0.635 
Peak Shear Rate; FMD (s-1) 1095±305 1172±198 0.584 
Shear Rate at Peak Heating Diameter (s-1) 398±97   512±236 0.262 
Shear Rate at Nadir CPT Diameter (s-1) 104±43   124±105 0.648 
FMD-flow-mediated dilation, L-FMC-low-flow mediated constriction, CPT-Cold Pressor Test. 
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Figure 2. Comparison of brachial artery flow-mediated dilation percent change [BAFMD] (Panel A), low-
flow mediated constriction percent change [L-FMC] (Panel B), and resting vascular Tone % (Panel C) 
between High (black bars) and Low Fit (white bars) participants.  
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Figure 3. Scatter plots depicting results from Pearson Product Moment correlations between HR recovery 
and L-FMC% (Panel A), and VO2 Peak and L-FMC% (Panel B). *Denotes a significant inverse relationship 
between variables (P<0.05). 
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Chapter 5: Discussion 
 The primary purpose of this study was to evaluate different indices of the 
vasoactive range, and to compare them between individuals categorized as having high 
and low aerobic fitness. We hypothesized that the vasoactive range would be greater in 
high fit individuals; however, this was not the case. Thus, these measures do not appear 
to be sensitive in discriminating aerobic fitness in healthy young men. However, one 
unique finding was that the higher fit individuals tended to have a greater vasoconstrictor 
response to reductions in blood flow, whereas, vasodilatory function was similar between 
the groups. Furthermore, low-flow mediated constriction (L-FMC) was inversely 
correlated with aerobic fitness, as defined by HR-recovery from a 3-minute step-test, and 
estimated VO2 peak from a YMCA cycle ergometry test. Collectively, these data 
demonstrate that L-FMC may be a more sensitive biomarker of aerobic fitness in healthy 
young men as compared to other vasoactive range indices. 
Vasodilatory Function and Aerobic Fitness 
Previous work has evaluated endothelial-dependent vasodilator (i.e., FMD) 
function among individuals of varying fitness status and age. In line with a recent meta-
analysis, our results demonstrate that vasodilator function is not sensitive to fitness status 
in healthy, young men [34]. For example, Montero and colleagues [34] reported that 
differences in artery vasodilator function between athletes and age-matched controls were 
only found in the older subjects. The authors attributed this finding to be the result of the 
vasculature not being adaptable to exercise training, unless impairment already exists 
(i.e., aging or disease). Therefore, in the present study, vascular function may have 
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already been normal in these healthy young men, despite the differences in their aerobic 
fitness. 
Our data also demonstrate that maximal vasodilation to heating was similar 
between aerobic fitness groups in healthy young men. On the contrary, previous work has 
demonstrated that skin vasodilator responses to local forearm heating is greater in 
aerobically trained individuals [24]. In that study, local heating was shown to induce an 
initial rapid increase in forearm skin vasodilation (i.e., first 10 minutes of heating; 
~42°C), followed by an incremental increase up until a plateau around 35 minutes, an 
effect that was more pronounced in aerobically trained individuals. Based on this 
evidence, we would hypothesize that a greater skin vasodilation would subsequently 
induce a greater up-stream brachial artery dilation.  
An alternative explanation for the lack of difference noted for heating induced 
vasodilation between groups in the present study could be that endothelial-independent 
vasodilatory function (i.e., smooth muscle function) was similar. For instance, a recent 
meta-analysis demonstrated that maximal vasodilation to endothelial-independent 
vasodilation (i.e., sodium nitroprusside iontophoresis) was not associated with VO2 max 
in healthy young individuals [35]. Therefore, despite any differences in skin blood flow 
responses to heating between fitness groups [24], maximal brachial artery vasodilation to 
heating would be similar.  
Vasoconstrictor Function and Aerobic Fitness 
Low-flow mediated Contraction (L-FMC) has recently emerged as an important 
marker of cardiovascular health in humans, because it provides supplemental information 
to vasodilator responses induced through FMD [7]. To our knowledge, our study was the 
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first to directly compare differences in L-FMC between high and low aerobically fit 
young men. Although no statistical differences were noted, the higher fit individuals 
demonstrated a trend for a greater L-FMC response (P=0.057). A correlational analysis 
revealed an inverse relationship between L-FMC and heart rate recovery, suggesting a 
potential influence of fitness on vasoreactivity in healthy young men. In agreement with 
our data, one recent study showed that heavy and moderate intensity interval training 
leads to a greater L-FMC response [28]. The authors suggested that the increased L-FMC 
may have been due to either increased production of vasoconstrictor substances, or a 
decrease in vasodilator substances; in other words, the authors suggest that the interval 
training altered the balance between vasoactive molecules [28], thus, promoting greater 
vasodilation at rest. This finding may explain why resting Tone% was greater in the low 
fit group of the present study. Tone% has been shown to reflect balance between 
vasodilatory and vasoconstrictor influences [8], and this balance seems to favor more 
vasodilation in high fit (i.e., less tone) individuals.  
In regards to vascular responses to sympatho-excitation (i.e., CPT), limited 
evidence exists discerning the influence of aerobic fitness status. Our data show that 
brachial artery diameter changes to CPT were not different between the two groups. 
Indeed, previous evidence demonstrates that cardiac responses to CPT are not different 
between athletes and healthy controls [36]. Therefore, the stimulus for vasoconstriction 
(i.e., sympatho-excitation) to a localized cold stimulus may not have been different 
between the two groups in the present study.  
Relationship between Vasoactive Range Indices and Aerobic Fitness 
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Conflicting evidence exists regarding the association between the vasoactive 
range and exercise training status in healthy young individuals. In the present study, it 
was hypothesized that higher fit individuals would exhibit greater vasodilatory, and 
vasoconstrictor responsiveness, thus a larger vasoactive range, which was not the case. 
On the contrary, previous work examining the “vascular operating range”[12] 
demonstrates that power athletes have a larger degree of vasoreactivity. The present study 
assessed recreationally active individuals, and not competitive athletes. Thus, there may 
be unique vascular adaptations to heavy weightlifting that would promote a larger 
vasoactive range following training [37]. Furthermore, a similar study comparing the 
vascular operating range between heart failure patients, and age-matched controls found a 
blunted range in the patient group. Interestingly, four weeks of localized handgrip 
training improved vasoreactivity in both patients and healthy controls [9]. Thus, the 
vascular operating range does appear to be sensitive to training status [9].  
For the present study, a potential rationale for the similarity in overall 
vasoreactivity between the high and low fit individuals, could simply be that there was 
not a large enough separation in fitness levels for the groups. Future studies should 
further examine the vasoactive range indices between competitive athletes (e.g., distance 
runners) and age matched healthy controls, in order to further discern potential aerobic 
fitness differences in overall vascular responsiveness. 
Limitations 
There are some limitations in the present study that should be discussed. Firstly, 
all participants were recreationally active, which means that athletic and non-athletic 
populations were not directly evaluated. Additionally, the aerobic tests used to 
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characterize fitness were sub-maximal, and direct measures of oxygen consumption were 
not performed. Finally, the sample size for this study design may have been limited. 
Indeed, a larger sample size may have provided greater statistical power for examining 
differences between the fitness groups.  
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Chapter 6: Conclusion 
In the present study, we found that the vasoactive range was not a sensitive 
measure for discriminating aerobic fitness levels in healthy young men. Furthermore, 
vasodilatory function was similar between high and low fit individuals. However, one 
unique finding was that higher fit individuals tended to have a greater vasoconstrictor 
response to reductions in blood flow. Finally, low-flow mediated constriction was 
inversely related to aerobic fitness levels, as defined by HR-recovery from a 3-minute 
step-test. Future studies should further evaluate the clinical utility of vasoactive range 
indices in discriminating cardio-metabolic risk among patient populations.   
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